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ABSTRACT An experimental system was developed in which the majority of all lymphocyte
cell-surface proteins, regardless of antigenic specificity, could be cross-linked and redistributed
in the membrane to determine whether this would induce a corresponding redistribution of
intramembrane particles (IMP). Mouse spleen cells were treated with p-diazoniumphenyl-ß-
D-lactoside (lac) to modify all exposed cell-surface proteins. Extensive azo-coupling was
achieved without significantly reducing cell viability or compromising cellular function in
mitogen- or antigen-stimulated cultures. When the Lac-modified cell-surface proteins were
capped with a sandwich of rabbit antilactoside antibody and fluorescein-goat anti-rabbit Ig,
freeze-fracture preparations obtained from these cells revealed no obvious redistribution of
IMP on the majority of fracture faces. However, detailed analysis showed a statistically
significant 35% decrease (P < 0.01) in average IMP density in the E face of the lac-capped
spleen cells compared with control cells, whereas a few E-face micrographs showed intense
IMP aggregation. In contrast, there was no significant alteration of P-face IMP densities or
distribution. Apparently, the majority of E-face IMP and virtually all P-face IMP do not present
accessible antigenic sites on the lymphocyte surface and do not associate in a stable manner
with surface protein antigens. This finding suggests that IMP, as observed in freeze-fracture
analysis, may not comprise a representative reflection of lymphocyte transmembrane protein
molecules and complexes because other evidence establishes: (a) that at least some common
lymphocyte surface antigens are indeed exposed portions of transmembrane proteins and (b)
that the aggregation of molecules of any surface antigen results in altered organization of
contractile proteins at the cytoplasmic face of the membrane.
The role of the plasma membrane in the transmission of
information can be seen in a number of systems where cells
have been shown to be activated by an event at the cell
membrane leading to proliferation and/or differentiation (5, 8,
23, 26). Although the mechanism of lymphocyte activation is
not known, there is evidence to suggest that the binding of
insolubilized antigen or mitogen to membrane receptors may,
under some conditions, be sufficient to initiate the cellular
activation process (8).
There is considerable evidence for an association between
lymphocyte cell-surface proteins and an underlying actin-
myosin contractile system (2, 10, 15), which may be critically
involved in the transmission of signals to or from the cell
interior. However, the role of intramembrane particles (IMP)
in this interaction remains unresolved. In erythrocytes, exper-
iments have suggested an interaction of IMP with the under-
lying peripheral protein, spectrin, as well as with erythrocyte
surface proteins (24). In the lymphocyte membrane, associa-
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tions between IMP and either cell membrane receptors or an
underlying contractile system have not been established.
This research focuses on one aspect of the structure and
organization of the lymphocyte plasma membrane by asking
whether cross-linking and redistribution of lymphocyte surface
proteins alter the distribution of IMP. A number of investiga-
tors have explored the consequence ofaggregating a portion of
surface antigens with either antiimmunoglobuhns or lectins.
These investigations have failed to detect or establish unam-
biguously the redistribution of IMP corresponding to the ag-
gregation of the selected surface antigens (13, 16, 17), although
the possibility always remains that, had redistribution of the
right antigen been achieved, a corresponding redistribution of
IMP might have been observed.
To minimize this possibility, a system was devised where the
majority of cell-surface proteins could be redistributed to de-
termine whether there was a corresponding redistribution of
IMP. Hapten groups were covalently coupled randomly to cell-
591surface proteins. After the hapten-modified surface proteins
were capped with a sandwich ofrabbit antihapten Ab followed
by fluorescenn (Fl)-goat anti-rabbit Ig, the cells were studied
by freeze-fracture. Density and distribution of IMP were ana-
lyzed to determine whether a corresponding redistribution of
IMP had occurred.
MATERIALS AND METHODS
Antisera and Reagents
Rabbit antibodies to p-azophenyl-p-D-lactoside (anti-lac) were obtained by
standard procedures (30) and purified by affinity chromatography (29). Polyva-
lent goat anti-mouse Ig and goat anti-rabbit Ig were purchased from Antibodies,
Inc., Davis, Calif,
Fab-goat anti-mouse Ig was prepared essentially according to Fanger et al.
(7). Purity of the Fab preparation was established by SDS acrylamide gel
electrophoresis.
Fl- or rhodamine (Rh)-labeled preparations of concanavalin A (Con A),
antilac, goat anti-mouse IS, goat anti-rabbit Ig, and Fab-goat anti-mouse Igwere
made by dialysis against isothiocyanate reagents according to the procedure of
Goldman (11). Fluorescent antisera were used at a final concentration of --0.5
mg/ml and Fl-Con A at 8 gg/ml.
Con A was prepared from Jack bean meal (Sigma Chemical Co., St. Louis,
Mo.), according to the method ofAgrawal and Goldstein (1). Lipopolysaccharide
(LPS) and phytohemaggludnin (PHA) were obtained from WOO Laboratories,
Detroit, Mich.
Lac was prepared as previously described (24). Lac-ferritin was also prepared
as before (28).
Lac-modification of Spleen Cells
Red cells were removed from BALB/cspleencell suspensions byhypoosmotic
lysis. Briefly, 9 ml ofwater, pH 7.2, were added to 5 x 16' - 1 x 108 spleencells
suspended in 1 nil of Hanks' balanced salt solution (BSS) (22). After 15 s,
isotonicity was restored with 9 ml of 2 x BSS. Debris and clumps were removed
by passage through loosely packed, prewashed glass wool. Lac hapten groups
were coupled to the cells as follows: 2 nil of lac (l x 10-6 M - 2 x 10-3 M) in
BSS + 1 nil 0.2 M P0, 0.15 M NaCl buffer, pH 7.2, were added to 1 nil of 1 x
108 spleen cells at 4°C. The reaction was allowed to proceed for 1 h at 4°C on a
rotator. The modified cells were washed four times with minimal essential
medium and assayed for viability by trypan blue exclusion.
Functional Assays on Lac-modified Spleen Cells
Lac-spleen cells were tested for their ability to respond to sheep red blood
cells (SRBC) in Mishell-Dutton cultures (19). After 5 d, we assayed triplicate
cultures for anti-SRBC IgM plaque-forming cells (PFC) (12).
Lac-spleen cells were compared with unmodified cells for response to Con A,
PHA, and LPS in 1-ml cultures (l8), each containing 2 x 108 cells. Cells were
cultured with 4gg/ml Con A, 5 Pg/ml LPS, or PHA 1/2,500, andpulsed after 48
h with 0.1 gc ["Clthymidine (New England Nuclear., Boston, Mass.). After 18 h,
the cells were harvested and assayed for "C in TCA precipitates.
Labeling of Cells
Lac-modified spleen cells (108 in l nil) were incubated with rabbit antilac
antibody (1 mg in 0.25 nil) for 20 min at 37°C, washed, and then treated under
the same conditions with fluorescent goat anti-rabbit Ig to cap surface antigens.
To determine the effect of such hapten-capping on the distribution of surface Ig
and Con A binding sites, we labeled cells additionally under noncapping condi-
tions (0.2% sodium azide, 4°C) with Fab goatanti-mouse Ig or Con A conjugated
with a second fluorochrome. Fluorescence was examinedwith a LeitzOrthoplan
microscope with a 200 W mercurylamp, with BG 38, S 546, BG 36, TK 580/580,
and K 610 filters for Rh and BG 38, two KP 490, K 510, and S 525 filters for Fl.
In one experiment, lac-spleen cellswere cappedwith Fl-rabbit antilacfollowed
by lac-ferritin and processed for transmission electron microscopy according to
previously described procedures (28).
Freeze-fracture
After aliquots of labeled cell preparations were examined for capping, re-
maining cells were processed for freeze-fracture analysis. Cells were fixed in l%
glutaraldehyde or 2% paraformaldehyde in phosphate buffer (0.1 M, pH 7.2, 300
mosM) for 1 h at4°C, centrifuged, resuspended in 20% glycerol in the phosphate
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buffer for 12 h at 4°C, and frozen in liquid Freon 22. Samples were fractured in
Balzars apparatus (Balzars AG, Balzars, Leichtenstein) at -115°C. The replicas
were recovered after washing in bleach for 1-2 h, mounted on naked grids, and
examined in a Siemens Elmskop I. Photographs at magnifications of x 20,000-
40,000 were taken of each fracture face observed. Prints were enlarged to x
40,000-100,000. Particle size measurements were determined with a x 10 mag-
nifier having a calibrated micrometer grating (Bausch and Lomb, San Leandro,
Calif) which could be aligned along the interface of the particle and its shadow.
The minimum and maximum size limits of particles chosen for counting were
60-120 A. Particle density measurements were obtained by counting 100 cm'
areas on prints enlarged to x 100,000. In each experiment, 30-50 separate 100
cm' areas for P- and E-fracture faces were examined, and data from control faces
(modified or unmodified) and lac-capped faces were analyzed by the Student's t
test. Care was taken to select areaswith distinctive shadowing where the particles
were measurable; regions where the shadow angle was too great, producing a
snowlike or darkened appearance, were not included in counting.
RESULTS
Evidence for Modification of Cell
Surface Antigens
Lac-spleen cells, modified with concentrations ranging from
1 x 10-f M to 2 x 10-3 M diazoniumphenyl lactoside, were
labeled with rabbit antilac and Fl-goat anti-rabbit Ig. Fluores-
cence observation revealed bright staining on cells modified at
reagent concentrations of 10-4 M or higher. In repeated exper-
iments, cells stained with a single layer of Fl-rabbit antilac
showed rings and light patching, with no capping. When the
second layer was applied, 70-95% ofthe cells modified-with 1
x 10-4 M - 1 x 10-3 M diazonium showed clear capping and
the remaining cells showed a heavily patched distribution of
the fluorescent label. Cells modified with 2 x 10-3 M diazo-
nium reagent, although staining brightly with the sandwich
procedure, showed a decrease in the percent of capped cells to
40-60%.
Spleen cells modified with 1 x 10-3 M diazoniumphenyl
lactoside and -capped with a sandwich of Fl-rabbit antilac and
lac-ferritin were examined by transmission electron micros-
copy. Fluorescence microscopy of an aliquot of these cells
revealed that 91% were capped and the remainder showed a
heavily patched distribution of the Fl-marker. Electron micro-
graphs of the lac-capped spleen cells revealed ferritin in a cap
on many sections (Fig. 1).
The lac-capping process requires metabolic activity because
addition of azide inhibits capping (Table I). The fact that in
repeated experiments we found caps on 95% of the labeled lac-
modified spleen cells establishes that these cells were viable.
Moreover, 90-96% of cells modified with 1 x 10-s M-1 x 10-3
M diazonium reagent excluded trypan blue. Modification with
2 x 10-3 M reagent resulted in some loss in cell viability.
Lac-spleen cells modified with 1 x 10-4 Mor 1 x 10-3 M
diazoniumphenyl lactoside were cultured with SRBC antigen.
Table II shows that the PFC response of modified cells was
indistinguishable from that of unmodified cells.
The ability of lac-spleen cells to proliferate in response to
Con A, PHA, and LPS is shown in Table III. The responses to
the three mitogens of cells modified with 1 x 10-4 M or 1 x
10-3 M lac reagent were indistinguishable from those ofcontrol
unmodified spleen cells. Modification at 2 x 10-3 M resulted
in a depressed response to PHA and LPS.
Extent and Random Nature of Surface
Protein Modification
Our choice ofthe diazonium reagent for coupling haptens to
cell surfaces was made because of its high reactivity with allproteins . The assumption was that any surface protein with
exposed tyrosine, histidine, and/or lysine residues would pre-
sent a probable target . To test whether the azo-coupling of
hapten was indeed extensive and essentially random, we de-
signed cocapping experiments which could establish whether
most surface immunoglobuhn molecules (characteristic of B
lymphocytes) and most Con A binding sites (present on all
lymphocytes) had been labeled with hapten .
Lac-modified spleen cells were capped with a sandwich of
rabbit antilac and Fl-goat anti-rabbit Ig and then stained at
4°C with Rh-Fab-goat anti-mouse Ig. Table IV presents the
results of an experiment in which the capping of lac-modified
surface proteins resulted in 94% coincident capping of mouse
Ig . This established that most surface Ig molecules on these
cells had lac determinants because the monovalent Fab anti-Ig
did not itself induce capping .
An analogous experiment yielded comparable results with
respect to ConA binding sites (Table V) . Lac-modified spleen
cells were capped with rabbit antilac and Rh-goat anti-rabbit
Ig and then stained with Fl-Con A under noncapping condi-
tions in the presence ofazide at 4°C . The results showed 100%
coincidence ofthe Fl-ConA with the Rh-lac caps . Preparations
stained with Fl-Con A alone showed 75-78% of the cells with
fluorescent rings and the remaining cells with light patches of
label .
Although it is, ofcourse, impossible to examine the extent of
hapten modification on every individual species of lymphocyte
membrane protein, the Ig and Con A results were taken as
indicative of the fact that most, if not all, proteins exposed at
the cell surface were labeled in our experiments .
Freeze-fracture Analysis of Lac-capped
Spleen Cells
FIGURE 1
￿
Mousespleen cell capped with Fl-rabbit antilac and antiferritin . X 50,000 .
Aliquots of cell preparations referred to in Tables IV and V
were subjected to freeze-fracture . We analyzed fracture faces
TABLE I
Effect of Azide on Cappingof Lac-modified Surface Proteins
of Spleen Cells
TABLE II
Primary PFC Response of Lac-Spleen Cells to SRBC
Spleen cells were cultured with SRBC in Mishell-Dutton cultures (19) . After
5 d, triplicate cultures were assayed for anti-SRBC plaque-forming cells . The
results given are the average of the triplicate cultures expressed as plaques/
108 cells .
on the basis of two criteria : first, the degree of aggregation of
IMP as indicated by the fraction of faces with particle clusters;
and second, the average density of particles per unit area on
both P and E faces.
(a) Inspection of freeze-fracture samples of fixed lac-capped
(Fig. 2) and uncapped cells revealed no obvious changes in the
state of aggregation ofIMP on the majority of fracture faces.
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Diazonium concen-
tration for cell modi-
fication
M
NaN3
10 mm
Rabbit
antilac
Rh-goat
anti-
rabbit
Ig Capping
%
1 X 10-° - - + No staining
1 X 10-` - + + 86
1 X 10-° + + + 6
1 X 10-3 - - + No staining
1 X 10-3 - + + 84
1 X 10-3 + + + 10
Unmodified control - + + No staining
Diazonium concentration
for cell modification
M
PFC/10 8
Exp 1
cells
Exp 2
0 2,207 2,128
1 X 10-4 2,900 2,625
1 X 10-3 2,218 2,184TABLE III
Proliferative Responses of Lac-Spleen Cells to Con A, PHA,
and LPS
1 X 10-3
￿
LPS
￿
4,932
￿
4,077
-3 LPS
￿
1152 2 X 1 -
2 x 108 spleen cells, either unmodified or modified, were cultured with 4 Pg/
ml Con A, 5 pg/ml LPS, or 1/2,500 dilution of PHA and pulsed after 48 h with
0.1 pc ['°C]thymidine. After 18 h, the cultures were harvested and assayed for
['"C]thymidine in TCA precipitates. Results express the average of triplicate
cultures.
TABLE IV
Cocapping of Lac Surface Proteins and Surface Ig
Columns three and four record percent cells stained and the predominant
staining pattern (i.e., rings, caps, patches). The percent of coincident capping
(column five) is based on the fractions of Rh stained cells with an identical F1
staining pattern.
All E faces and 95% of P faces from control uncapped spleen
cells fixed in glutaraldehyde had exclusively monodispersed
IMP, whereas remaining P faces showed some small clusters of
IMP (5-15 particles). Lac-capped spleen cells fixed in glutar-
aldehyde also had exclusively monodispersed particles on 95%
of E faces. There was a slight increase over the controls, from
5 to 15%, of P faces with some small clusters. Large IMP
clusters (15-50 particles) were observed in 5% oflac-capped E
faces and were entirely absent in controls. Paraformaldehyde
fixation resulted in an increase of 10-30% in the number of
faces that showed some IMP clusters, but uncapped control
and lac-capped spleen cells could not be distinguished on this
basis.
(b) A comparison of lac-capped lymphocytes with control
modified but uncapped cells, or control unmodified cells, re-
vealed a significant decrease in IMP density on the E face of
uncapped cells whereas the P-face IMP density was unchanged
(Table VI). The E faces of glutaraldehyde-fixed lac-capped
spleen cells showed an average particle density of 201 t 62
IMP/pmt compared with 319 t 100 IMP/pmt for unmodified
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TABLE V
Cocapping of Lac Surface Proteins and Con A Receptors
Rabbit
Columns three and four record percent cells stained and the predominant
staining pattern (i.e., rings, caps, patches). The percent of coincident capping
(column five) is based on the fraction of Rh stained cells with an identical F1
staining pattern.
and 325 ± 112 IMP/pm
t for uncapped cell E faces. This
represents a statistically significant 37% decrease in IMP den-
sity on the E-fracture face (P < 0.02) compared with controls.
Kp ratios ([number of P-face IMP]/[number of E-face IMP])
calculated for each preparation were 1.87 and 1.86 for controls
and 3.07 for the lac-capped preparation (Table VI), Combining
P- and E-face densities reveals an overall decrease of 11% on
capped cells.
Paraformaldehyde-fixed, lac-capped spleen cells showed a
similar decrease in IMP density on the E face compared with
paraformaldehyde controls. The paraformaldehyde-fixed, lac-
capped spleen cells had 199 ± 78 IMP/pm
t on the E face,
whereas controls had 306 ± 105 and 318 t 98 IMP/pm
t with
Kp ratios of 2.42 for the capped cells and 1.80 and 1.77 for the
controls (Table VI). The E face decrease of 35% is statistically
significant (P < 0.01) and in close agreement with the data
obtained with glutaraldehyde-fixed cells. Similarly, the com-
bined P- and E-face particle densities decreased by 21% com-
pared to the controls.
Whether the decrease in E-face IMP density is caused by
redistribution ofa proportion ofthe IMP into a cap correspond-
ing to the surface protein cap cannot be proven directly. A few
E-fracture faces, occurring with a frequency of one in 15-20,
do show areas of extreme IMP aggregation suggestive of a
capped region (Fig. 3). To see if this was a feasible assumption,
we measured the IMP density on these fracture faces to deter-
mine whether the observed IMP increase could be accounted
for by the average IMP decrease on the remainder of the cell.
Assuming that the average diameter of spleen cells is 10 Am,
corresponding to an average surface area of 314 pm
t, and
assuming the average area of a cap is one-eighth of the cell
and, therefore, 39 pm
t, we calculated the average IMP decrease
for the noncapped area. On the basis of IMP density observed
on most E faces, the predicted value for IMP density in the
capped region was 1,060 IMP/pmt. The observed IMP particle
density in the fracture of the presumptive cap was 1,464 IMP/
pmt. Thus, it appears that it is a feasible assumption that these
fracture faces may represent capped regions.
DISCUSSION
Capping of selected lymphocyte surface proteins (H-2, Ig, or
Con A receptors) with either antiimmunoglobulins or selected
lectins has failed to indicate redistribution of IMP (13). This
Diazonium
concentration
for cell modi-
fication Mitogen Exp 1
['°C]Thymidine
Exp 2 Exp 3 Exp 4
antílac,
Rh-goat
anti-rab-
bit Ig
Fl-Con
40pg/ml
A
Rh F1
Coinci-
dent
capping
M cpm + - 100%; Caps or - -
0 PHA 16,621 17,587 - 5,806 heavy
1 X 10-" PHA 20,230 18,878 - 4,350 patches
1 X 10-3 PHA 16,756 14,872 - - - + - 100%; Rings or -
2 X 10-3 PHA - 6,219 - - light patches
+ + 100%; Caps or 100%; Caps or 100%
0 LPS 4,707 6,270 heavy heavy
1 X 10-4 LPS 6,601 7,450 patches patches
0 ConA - - 21,321 16,556
1 x 10-" Con A - - 22,731 13,456
0 - 325 509 570 483
1 X 10-4 - 302 471 511 460
1 X 10-3 - 311 553 - -
Rabbit an-
tilac, Fl- Rh-Fab Coinci-
goat anti- goat anti- dent cap-
rabbit Ig mouse Ig Rh F1 ping
+ - - 95%; Caps
- + 40%; Rings - -
+ + 42%; Caps or 92%; Caps 94%
patchesFIGURE 2
￿
Representative replicas of lac-capped, glutaraldehyde-fixed mouse spleen cells . X 50,000 . a, P face ; b, E face . No
significant aggregation of IMP is observed .
study, which achieves aggregation of most surface proteins,
demonstrates a resulting change in the distribution and density
of a small proportion of lymphocyte IMP .
With the experimental system developed for this study, the
majority of cell-surface proteins, regardless of antigenic speci-
ficity, are cross-linked and redistributed to determine whether
there is a corresponding redistribution ofIMP. Cells are chem-
ically modified so as to couple hapten groups covalently to
cell-surface proteins . The diazoniumphenyl lactoside reagent
reacts by electrophilic attack on reactive protein residues,
principally on the side chains of tyrosyl, histidyl, and lysyl
residues. This results in the random coupling, by means of azo
bridges, of phenyl lactoside groups to all exposed cell-surface
proteins . Thus, these proteins now share a common antigenic
specificity regardless of other antigenic differences between
them. The lac-modified surface proteins can then be redis-
tributed using a sandwich of rabbit anti-lactoside antibody
followed by a layer ofFl-goat anti-rabbit Ig.
To establish the validity of this system, it was necessary to
show (a) that the lac coupling reaction is sufficiently extensive
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these modified cell-surface proteins can be redistributed in the
plane of the membrane, and (c) that, under the coupling
conditions, the integrity of the cells is conserved as judged by
the criteria of viability and cellular functions . The results
indicate that this system meets all three requirements . Modifi-
cation of spleen cells with concentrations ranging from 1 x
10' M to 1 x 10
-3M diazoniumphenyl lactoside resulted in a
population of cells that stained brightly with Fl-rabbit antilac,
showed a high percent of capping with a sandwich layer of Fl-
goat anti-rabbit Ig, and showed no decrease in cell viability by
TABLE VI
Particle Distribution on the Fracture Face of Lac-capped and
Control Spleen Cells
Particle density measurements for P- and E-fracture faces were obtained by
counting 100cm 2 areas on prints enlarged to x 100,000. In each experiment,
30-50 separate 100cm2 areas were analyzed . The minimum and maximum
size limits of particles chosen for counting were 60 and 120 A, respectively .
* IMP/wm2tSD .
FIGURE 3
￿
Freeze-fracture E-face replica from glutaraldehyde-fixed, lac-capped spleen cells . x50,000 . IMP on this E face are
densely packed (see arrow) .
596
￿
THE JOURNAL OF CELL BIOLOGY " VOLUME 88, 1981
trypan blue exclusion . In addition, these lac-modified cells
were indistinguishable from unmodified cells in a primary in
vitro response to SRBC and in proliferative responses to Con
A, PHA, and LPS .
The extent of cell-surface protein modification was demon-
strated by cocapping experiments . In these experiments, the
lac-modified surface proteins were capped with a fluorescent-
labeled sandwich . Then, under noncapping conditions, the
distribution of surface Ig or Con A receptors was determined
with anti-Ig orConA labeled with a contrasting fluorochrome .
If any substantial fraction of mouse Ig or Con A receptors had
not been modified with the lac hapten, they would have been
detected outside the cap region . The high percent ofcoincident
capping (94% for Ig and 100% for Con A) suggests that, under
the conditions of the coupling reaction, the lac-modification
was sufficiently extensive so that most molecules of any cell-
surface protein, represented by Con A receptors and Ig, were
modified and redistributed. We, ofcourse, cannot rule out that
a particular atypical surface protein(s) may have escaped hap-
ten labeling, if it presented no accessible azo-reactive residues .
Freeze-fracture analysis of membranes of capped, lac-mod-
ified cells provides evidence that a proportion of E-face IMP
are associated with surface proteins . There was a 35-37%,
decrease in IMP density on E faces after lac-capping . About
5% of E-fracture faces showed areas of extreme IMP aggrega-
tion. The high particle density in these areas was in line with
calculations based on the assumption that the decrease in IMP
elsewhere could be accounted for by their movement into a
cap . The low frequency of E-fracture faces showing extreme
IMP aggregation could be a result of the high protein concen-
trations in the cap region . It is known in other systems (27)
that fewer fractures occur through membranes having a high
concentration of protein .
Our findings show no detectable correlation between P-face
IMP and lac-modified surface proteins . Because the density of
Treatment P Face* E face*
P+E
face Kp (P/E)
Glutaraldehyde/glycerol 597 t 123 319t 100 916 1 .87
Lac modified/uncapped ; 605 t 137 325t 112 930 1 .86
glutaraldehyde/glyc-
erol
Lac modified/capped ; 618 t 158 201 t 62 819 3.07
glutaraldehyde/glyc-
erol
Paraformaldehyde/glyc- 550 t 163 306t 105 856 1 .80
erol
Lac modified/uncapped; 562 t 150 318 t98 880 1 .77
paraformaldehyde/
glycerol
Lac modified/capped ; 481 t 64 199 t 78 680 2.42
paraformaldehyde/
glycerollymphocyte IMP is almost two times higher on P than on E
faces, a significant decrease in particle density resulting from
the redistribution of a given small number of IMP would be
more difficult to detect on P than on E faces. Apparently,
however, virtually all P-face IMP and the majority of E-face
IMP are not accessible as lymphocyte surface antigens, nor are
they in stable association with the lac-modified cell surface
proteins.
These results inevitably raise questions about whether the
IMP, as visualized in freeze-fracture analysis, provide a repre-
sentative and significant reflection of the organization of pro-
teins in the lymphocyte membrane.
It has been estimated that the plasma membrane of a lym-
phocyte with a diameter of 8 p,m and a smooth surface contains
107 protein molecules, whereas the average number of IMP
(both E and P face) observed per lymphocyte is <10' (4).'
Although it has been assumed that the lymphocyte IMP are
mainly proteins that span the membrane (3, 4), it may well be
that the large majority of lymphocyte transmembrane proteins
are not revealed as IMP by the freeze-fracture technique,
possibly because they do not form molecular aggregates of
large enough size (9).
The absence of any observed correlation between surface
antigen mobility and that of P-face IMP is in striking contrast
to other evidence on the organization of the lymphocyte mem-
brane and transmembrane interactions involving surface mo-
bility. It has been shown that antigens of the major histocom-
patibility complex examined thus far (14, 21), as well as B
lymphocyte membrane IgM (22), are almost certainly trans-
membrane proteins. If IMP did indeed provide an accurate
representation of lymphocyte transmembrane protein organi-
zation, the following additional evidence might well lead to the
expection of coordinate mobility between some P-face IMP
and surface proteins: (a) every antigen on the lymphocyte
surface can be capped by appropriate application ofantibodies
or lectins (25); (b) capping of any surface antigen results in
aggregation of contractile proteins on the cytoplasmic side of
the membrane (2); and (c) both H-2 and cross-linked surface
immunoglobulin have been isolated from lymphocyte mem-
branes in complexes associated with actin (10, 15).
The puzzling contraindications resulting from freeze-fracture
analysis of lymphocyte membranes cannot yet be clearly ex-
plained. If IMP reflect only a small fraction of the total
transmembrane proteins, this fraction must be largely inacces-
sible to antibodies or lectins that bind to the lymphocyte
surface. One difficulty in defining the situation further is that
serious artifacts may be incorporated into freeze-fracture anal-
ysis of some cell membranes as a result of differential associa-
tion of transmembrane polypeptides with the separate halves
of the membrane bilayer, as well as by the breaking of some
covalent bonds in the freeze-fracture procedure (6).
In studies on association of IMP and cell-surface proteins in
the erythrocyte membrane (20, 24, 27), redistribution of IMP
was induced first, after which a corresponding redistribution of
cell-surface proteins was observed. Using the experimental
system developed for this research, Shotten et al, (24) observed
an association between both P- and E-face IMP and lac-
' It would be useful to establish directlythe fraction oftotal lymphocyte
membrane protein that exposes potential antigenic sites at the cell
surface. Perhaps this could be done by labeling the cell surface with a
suitable radioactive hapten, followed by isolation of pure membrane
preparations, and determination of the fraction of total membrane
protein that could be precipitated with antihapten antibody.
modified surface proteins in erythrocyte ghosts. When IMP
were aggregated by manipulations of pH or ionic strength to
remove spectrin, the lac-modified surface proteins were also
aggregated. Similarly, all studies indicating an association of
erythrocyte IMP with selected surface antigens, such as blood
group A antigen, Con A, and PHA binding sites, have also
required initial procedures to disrupt membrane organization
resulting in the aggregation of IMP. In such studies, the pro-
portions of P- and E-face IMP actually associated with the
antigens could not be determined.
Although the present study does demonstrate a relationship
between some E-face IMP and lymphocyte surface antigens,
its main result is to establish that IMP do not provide a basis
for distinguishing certain transmembrane protein molecules or
revealing significant transmembrane associations in the lym-
phocyte and possibly other complex cell types.
We acknowledge with thanks the advice and assistance of Andrew
Raubitshek, Claudia Henry, Carolyn Schooley, Joseph Goodman,
Birgit Satir, and John Kimura in different facets ofthis work. We also
thank Carolyn Saint, who typed the manuscript.
This research was supported by U. S. Public Health Service grants
AI-06610 and CA-9179.
The studies in this paper are included in the thesis submitted by
Janis Mower Kuby in August, 1978, in partial fulfillment of the
requirements for the PhD degree in Immunology, University of Cali-
fornia at Berkeley. Dr. Kuby's present address is the Department of
Biology, San Francisco State University, San Francisco, Cali-
fornia 94132.
Receivedfor publication 4 August 1980, and in revisedform 21 October
1980.
REFERENCES
I. Agrawal, G. L., and R. V. Goldstein. 1969. Purification of concanavalin A from Jack
Beans. J. Mal. Chem. 9:102-105.
2. Bourgiuignoa, L. Y. W., and S. J. Singer. 1977. Trans-membrane interactions and the
mechanism of capping ofsurface receptors by their respective ligands. Proc. Nail Acad.
ScL U . S . A. 74:5031-5035.
3. Branton, D. 1971. Freeze-etching studies of membrane structure. Philos. Traps. R Soc.
Land B Biol. 261:133-138.
4. Crumpton, M. J., and D. Snary. 1974. Preparation and properties oflymphocyte plasma
membrane. In Contemporary Topics in Molecular Immunology . Plenum Press, New
York. 3:27-56.
5. Cuatrecasas, P. 1969. Interaction ofinsulin with the cellmembrane: the primary actionof
insulin. Proc. Nail. Acad. Sci U . S . A . 63:450-457.
6. Edwards, H. H., T. J. Mueller, and M. Morrison. 1979. Distribution oftransmembrane
polypeptides in from-fracture. Science (Wash. D . C.) 203:1343-1346.
7. Fanger, M. V., D. A. Hart, V. J. Wells, and A. Nisonof£ 1970. Requirement for
crossfnkage in the stimulation of transformation of rabbit peripheral lymphocytes by
antiglobulin reagents. J. Immunol. 105:1484-1492.
8. Feldman, M. F., F. Greaves, D. C. Parker, and M. B. Rittenberg. 1974. Direct triggering
of B lymphocytes byinsolubilized antigen. Eur. J Immunol . 4:591-597.
9. Fisher, K. A., and W. Stoeckenius. 1977. Freeze-fractured purple membrane particles:
protein content. Science(Wash. D . C .) . 197:72-74.
10. Flanagan, J., and G. L. E. Koch. 1978. Cross-linked surface Ig attaches to actin. Nature
(1and) . 273:278-281.
11. Goldman, M. 1968. Labeling agents and procedures for conjugation. In Fluorescence
Antibody Methods. AcademicPress, Inc.,New York.
12. Jeme, N. K., C. Henry, A. Nordin, H. Fuji, A. M. C. Koros, and I. Lefkovits. 1974,
Plaque-formingcells: methodology and theory. Transplant. Rev. 18:130-191.
13. Karnovsky, M. I., and E. R. Unanue. 1973. Mapping and migrationoflymphocyte surface
macromolecules. Fed . Proc. 32:55-59.
14. Kaufman, 1. K., and J. L. Strominger. 1979. Both chains of HLA-DR bind to the
membranewitha penultimate hydrophobic regionandthe heavy chain isphosphorylated
atits hydrophilic carboxyl terminus. Proc. Nail. Acad Sci . U . S. A. 76:6304-6308.
15. Koch, G. L. E., and M. J. Smith. 1978. An association between actin and the major
histocompatibility antigen H-2. Nature (Load .). 273:274-278.
16. Loor, F. 1973. Lymphocyte membrane particle redistribution induced by.a mitogenic/
cappingdose ofphyothemagglutinin of Phaseolm vulgans. Eur. J . Imrnunol. 3:112-116.
17. Matter, A., and C. Bonnet. 1974. Effect of capping on the distribution of membrane
particles in thymocyte membranes. Eur. J. Imnrunol. 4:704-707.
18. Bradley, L. 1980. Mitogen-induced responses. In Selected Methods in Cellular Immunol-
ogy.W. H. Freeman & Company Publishers, San Francisco, Calif. 156-161.
19. Mishell, R. L, and R. W. Dutton. 1967. Immunization ofdissociated spleen cell cultures
from normal mice. J. Exp. Med 126:423-434.
20. Pinto Do Silva, P., S. D. Douglas, and D. Branton. 1971. Localization of A antigen sites
on human erythrocyte ghosts. Nature (Land} 232:194-196.
KuBY AND WOFSY
￿
Intramembrane Particles of Lymphocyte Membrane
￿
59721. Pober, J. S., B. C. Guild, andJ. L. Strominger. 1978. Phosphorylation in vivo and in vitro
of human histocompatibility antigens (HLA-A and HLA-B) in the carboxy-terminal
intracellular domain. Proc. Nail Acad Sci U S. A. 75:6002-,006.
22. Rogers, J., P. Early, C. Carter, K. Calame, M. Bond, L. Hood, and R. Wall. 1980. Two
mRNAs with different 3' ends encodemembrane-bound and secreted forms ofimmuno-
globulin p chain. Cell. 20:303-312.
23. Segal, D. M., J. D. Taurog, and H. Metzger. 1977. Dimeric immunoglobulin E serves as
a unit signalfor mast cell degranulation. Proc. Nail. Acad Sci. U. S. A. 74:2993-2997.
24. Shorten,D., K. Thompson, L. Wofsy, and D. Branton. 1978. Appearanceanddistribution
of surface proteins of the erythrocyte membrane: an electron microscope and immuno-
chemical labelingstudy. J. Cell Biol. 76:512-531.
25. Shreiner, G. F., and E. R. Unanue. 1976. Membrane and cytoplasmic changes in B
lymphocytes induced by ligand-surface immunoglobulin interaction. Adv. Immunol 24:
598
￿
THE JOURNAL OF CELL BIOLOGY " VOLUME 88, 1981
38-165.
26. Soderman, D. D., J. Germershousen, and H. M. Katzen. 1973. Affinity binding of intact
fat cells and their ghosts to immobilized insulin. Proc. Nail Acad. Sci. U. S. A. 70:792-
796.
27. Tillack, T. W., R. E. Scott, and J. T. Marchesi. 1972. The structure of erythrocyte
membranes studied by freeze-etching. J. Exp. Med. 135:1209-1227.
28. Wofsy, L., P. C. Baker, K. Thompson, J. Goodman, l. K mura, and C. Henry. 1974,
Hapten-sandwich labeling; a generalprocedure for simultaneous labeling ofmultiple ceu
surface antigens for fluorescence and electron microscopy. J. Exp. Med. 140:523-537.
29. Wofsy, L., and B. l. Burr. 1969. The use of affinity chromatography for the specific
purification ofantibodies and antigens. J. Immunol. 103:380-385.
30. Wofsy, L., l. Kimura, D. H. Bing, and D. C. Parker. 1967. Affinity labeling of rabbit
antisacchande antibodies. Biochemistry. 6:1981-1988.